Nutritionally balanced ingredient blends for catla (Catla catla), belonging to the family Cyprinidae, were extruded using single screw extruder. The extrusion was carried out at five levels of soy white flakes content (21%, 29%, 40%, 52%, and 59% db), five levels of moisture content (15, 19, 25, 31, and 35% db) and five levels of barrel temperature (100, 110, 125, 140, and 150 ºC) using three different die nozzles (having L/D ratios 3.33, 5.83, and 7.25). Blends with net protein content of 32.5% contains soy white flakes, along with high protein distillers dried grains (HP-DDG), corn flour, corn gluten meal, fish meal, vitamin, and mineral mix. A central composite rotatable design (CCRD) and response surface methodology (RSM) was used to investigate the significance of independent and interaction effects of the extrusion process variables on the extrudates physical properties namely pellet durability index, bulk density, water absorption and solubility indices and expansion ratio. Quadratic polynomial regression equations were developed to correlate the product responses and process variables as well as to obtain the response surfaces plots. The independent variables had significant (P < 0.05) effects on physical properties of extrudates: (i) higher soy white flakes content increased the pellet durability index and water absorption index, but decreased the water solubility index, (ii) higher temperature decreased pellet durability index, bulk density and water solubility index, (iii) increased L/D ratio from 3.33 to 7.25 increased the pellet durability index, expansion ratio but decreased the bulk density of the extrudates.
Introduction
In the food producing industries, aquaculture is one of the fastest growing sectors (FAO, 2012) and plays a pivotal role for the maintenance of commercial fishery markets (O'Mahoney et al., 2011) . In aquaculture, diet is often the single largest operating cost item and can represent over 50% of the operating costs in intensive aquaculture (El-Sayed, 1999 . Protein is the most important nutrient of the fish feed. The main protein source used in aquafeed production is primarily fish meal which is supplied through the consumption of wild fish stocks. Indubitably, with the increasing rate of farmed fish production (FAO, 2008) and consequently rising prices of fishmeal (Hardy, 2010) , the continued use of fishmeal as the main protein source of the feed will no longer be ecologically and economically sustainable in the long run. Therefore, aquaculture industry now is focusing on alternative protein sources such as plant proteins as inexpensive source of protein to minimize production cost.
carried out by Wu et al. (1994 Wu et al. ( , 1996a indicated that tilapia fish can be grown with DDGS, and can improve the economic viability of aquaculture farms.
Extrusion cooking is widely used in the food and feed industries because of versatility during processing and the ability to produce various final textural properties (Mercier et al., 1989) . Extruded aquafeed are designed to floater sink based on the fish species requirement. One of the important quality parameters for fish feed is floatability (Bandyopadhyay & Ranjan 2001; Rolfe et al., 2001 ) which depends on the unit density of extrudates. During extrusion cooking, the extent of expansion affects the unit density of the extrudates. Expansion can be monitored by changing the nature and type of ingredients used and the extruder process parameters. In the food industry, puffed products are often produced by using starch based ingredients, while texturized products are often produced by using protein based ingredients (Kokini et al., 1992a (Kokini et al., , 1992b . Extrudate properties of starch based products depend on the extent of gelatinization occurring inside the extruder barrel. The formation of elastic melt inside the barrel depends on the extent of gelatinization. (Case et al., 1992; Lin et al., 2000; Ilo et al., 1996; Ibanoglu et al., 1996; Sokhey et al., 1994) . Expansion occurs due to the flashing of water vapor when the elastic melt exits through the die nozzle. (Lam & Flores, 2003; Alves et al., 1999) . On the other hand, ingredients with higher protein content shows limited degree of expansion due to plastic melt formation and protein denaturation inside the extruder barrel. The material is in plastic and homogeneous state and when it exits through the die nozzle there is a sudden pressure drop resulting in the formation of voids. Due to this void formation the final product becomes more porous and fibrous textured (Singh et al., 1991; Gwiazda et al., 1987; Sandra & Jose, 1993) . Depending on the type of species, aquaculture feed requires 26 to 50% protein content. (Lovell, 1988) .
Extrusion process depends on many factors which includes the pressure developed inside the die and the degree to which the screw is filled. These variables in combination with the type and composition of raw ingredients used, affects operational capabilities (Mercier et al., 1989) . Extruder die too have an impact on the processing conditions. For example, in case of circular dies, nozzle dimensions (i.e., nozzle diameter and length) will affect process conditions and performance (Chinnaswamy et al., 1987) .
The objective of thisstudy was to examine the effect of varying level of soy white flakesas the fish meal replacer, barrel temperature, die aspect ratio, and moisture content on physical properties of soy white flakesand HP-DDG based extrudates.
Materials and Methods

Blends Preparation
Five isocaloric (302 kcal/100g) different blends were adjusted to a target protein content of ~ 32.5% db and a target fat content of ~ 3.5%. The total energy content for each blend was determined based on the fraction of protein, lipid and carbohydrate contributing to the dietary energy. The total energy content was calculated based on the energy content of fractions namely, 4.5 kcal/g for protein, 9.1 kcal/g for lipid and 4.1 kcal/g for carbohydrate. The ingredient components of the feed blends are provided in Table 1 . Soy white flakes was kindly donated by South Dakota Soybean Processors, Volga, SD. HP-DDG was obtained from the Dakota Ethanol LLC (Wentworth, SD). Corn gluten meal and fishmeal were purchased from Consumer Supply Distributing Co. (Sioux City, IA). Corn flour was from Cargill Dry Ingredients (Paris, IL). Vitamin and mineral premix was obtained from Lortscher Agri Service, Inc. (Bern, Kansas, USA). Soybean oil was provided from USDA (Brookings, SD). The different ingredients were mixed in a laboratory model Hobart mixer (Hobart Corporation, Troy, Ohio, USA) for 10 minutes; the moisture content of the ingredient mix was adjusted by adding required quantities of water during mixing. The resulting blends were then stored at ambient temperature overnight until processing. 
Where x i is the dimensionless coded value of the i th independent variable, and Xi, X 0 , and ΔX correspond to the actual value, actual value at the center point, and the step change of the i th variable, respectively. 
For each categorical variable, 20 experiments were performed in randomized order including six replications at the design center to obtain an accurate estimation of the experimental error (Table 4a and 
Where Y i is the predicted response; b 0 is the interception coefficient; b i , b ii , and b ij are coefficients of the linear, quadratic, and interaction terms; is the random error; and X i is the independent variables studied. The fitness of the model was evaluated and the interactions between the independent and dependent variables were identified by using an analysis of variance (ANOVA) presented in Tables 5 and 6 .The goodness of fit of the second order equation was expressed by the coefficient of determination (R 2 ) and its statistical significance was determined by F-test (Table 7) . 3D response surfaces were used to visualize interactive effects of the independent variables.
Measurement of Physical Properties
Pellet Durability Index
Approximately 100 g of extrudates from each blend were manually sieved (U.S.A. standard testing, ASTM E-11 specification, Daigger, Vernon Hills, IL) to remove initial fines, and then tumbled in a pellet durability tester (Model PDT-110, Seedburo Equipment Company, Chicago, IL) for 10 min. Afterwards, the samples were again sieved, and then weighed on an electronic balance (Explorer Pro, Model: EP4102, Ohaus, Pine Brook, NJ) (ASAE, 2004) . Pellet durability index was calculated following the Equation 3:
where, M a was the mass (g) after tumbling and M b was the sample mass (g) before tumbling.
Bulk Density
Bulk density was determined as the ratio of the mass of extrudates that they filled up to a given bulk volume and measured using a standard bushel tester (Seedburo Equipment Company, Chicago, IL) following the method recommended by USDA (2009).
USA). The ground extrudates (2.5 g) was suspended in distilled water (30 mL) in a tarred 60 mL centrifuge tube. The suspension was stirred intermittently and centrifuged at 3000g for 10 min. The supernatant was decanted into a tarred aluminums cup and dried at 135 ºC for 2 h (AACC, 2000) . The weight of the gel remaining in the centrifuge tube was measured. The water absorption index and water solubility index were calculated by Equation 4 and 5, respectively:
Water absorption index unitless
where W g is the weight of gel (g), and W ds is the weight of dry sample (g).
Water solubility index % 100
where W ss is the weight of dry solids of supernatant (g), and W ds is the weight of dry sample (g).
Expansion Ratio
The radial expansion ratio of the extrudates was measured as the ratio of the diameter of the extrudates to the diameter of the die orifice. Table 8 . Table 7 an Figure 3 The treatm density of white flak temperatur was obtain 9). 
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